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Abstract
In this Article, the temperature-dependent magnetic properties of CuAgSe pellet sintered from surfactant-free
CuAgSe nanoparticles synthesized by a wet chemistry method were investigated in the temperature range of
4–300 K. A magnetic transition between diamagnetism and weak ferromagnetism is observed at around
60–70 K. The results from magnetic measurements under different machines/magnetic fields, room-
temperature X-ray photoelectron spectroscopy, and temperature-dependent nuclear magnetic resonance all
demonstrate that this magnetic transition is an intrinsic property rather than an effect of impurities.
Combining these results with temperature-dependent neutron diffraction, the origin of the weak
ferromagnetism is ascribed to a structural crossover-induced canted antiferromagnetism and possible
deviation of Cu valence. The transition is strongly dependent on the sintering temperature and pressure,
which could induce the structural phase transition.
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2
ABSTRACT: In this paper, the temperature-dependent magnetic properties of CuAgSe pellet 
sintered from surfactant-free CuAgSe nanoparticles synthesized by a wet chemistry method were 
investigated in the temperature range of 4 – 300 K. A magnetic transition between diamagnetism 
and weak ferromagnetism is observed at around 60 – 70 K. The results from magnetic 
measurements under different machines/magnetic fields, room temperature X-ray photoelectron 
spectroscopy, and temperature dependent nuclear magnetic resonance all demonstrate that this 
magnetic transition is an intrinsic property rather than an effect of impurities. Combining these 
results with temperature dependent neutron diffraction, the origin of the weak ferromagnetism is 
ascribed to a structural crossover induced canted antiferromagnetism and, possible deviation of 
Cu valence. The transition is strongly dependent on the sintering temperature and pressure, 
which could induce the structural phase transition.  
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Introduction 
During past decades, nanoscale metal chalcogenides have attracted considerable attention due 
to their great potential in diverse applications, ranging from energy conversion and storage to in 
vivo imaging and therapy.1-4 Compared with binary chalcogenides, ternary and quaternary 
chalcogenides offer a broad spectrum for tuning their intrinsic optical, electronic, and magnetic 
properties for diverse applications. For example, engineering Cu2-xSe nanostructures with Ag
+ 
and Fe3+ ions into ternary chalcogenides have been demonstrated to be an important strategy to 
improve their electronic conductivity,4-6 and to induce interesting magnetic property.7 One 
typical bimetallic ternary chalcogenide is semimetal CuAgSe, which has been intensively 
investigated as an important thermoelectric material, due to that it not only displays enormous 
carrier mobility at room temperature, but also exhibits superionic characteristics after a phase 
transition at 460 – 470 K arising from the liquid-like behaviour of Cu+ and Ag+ ions in the rigid 
Se lattice.5, 8-11 Along with the phase transition, CuAgSe shows a reversible temperature-
dependent conductivity transition from n-type to p-type, as evidenced by the change in the 
Seebeck coefficient. This interesting transition is associated with a change in the band structure 
due to the phase transition.5 It also shows the giant magnetoresistance (GMR) effect.5, 8 All these 
unique features originate from its unique structure, which makes CuAgSe attractive for further 
investigation of its intrinsic properties such as magnetism which has not been investigated yet. 
For example, an interesting low temperature phase transition at around 60 – 70 K was observed.5  
In order to further reveal the nature of this low temperature phase transition and its effect on 
magnetic properties, the temperature dependent magnetic properties were investigated by nuclear 
magnetic resonance measurement and temperature dependent neutron diffraction in the range of 
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4
4 – 300 K. The results demonstrate that ternary CuAgSe semimetal shows diamagnetic properties 
at room temperature, and a magnetic transition between diamagnetism and weak ferromagnetism 
when the temperature reaches 60 – 70 K. Understanding this unusual magnetic transition 
provides significant insights into the complexity of the relationship between structure and 
properties, which could be used to tune the intrinsic magnetic property of metal chalcogenides. 
The work is complementary to the magnetic property of ternary chalcogenides, which is usually 
induced by introducing magnetic ions.12  
 
Results and Discussion 
As shown in Figure 1(a), in a magnetic field of 100 Oe, an obvious abrupt decrease in the 
magnetic moment from 2.1	×	10-3 to 0 emu/g at 63 K as the temperature increases from 4 K to 
300 K (i.e., the field heating process) was observed in the sintered CuAgSe pellet. This 
behaviour of the magnetism is actually reversible as the temperature decreases from 300 K to 
around 60 K. The magnetic field dependence of the magnetization, M - H, at 300 K and 10 K are 
presented in Figure 1(b), where pure diamagnetism and mixed diamagnetism/weak 
ferromagnetism are observed in CuAgSe at 300 K and 10 K, respectively. Below the transition 
temperature (60 – 70K), the ferromagnetism is strong enough to be dominant compared with its 
diamagnetism, while above this temperature (60 – 70 K), the ferromagnetism is disappeared, and 
the diamagnetism becomes dominant. Moreover, the magnified M-H curve recorded at 10 K in a 
magnetic field of –0.2 - 0.2 T was shown in Figure S1 (Supporting Information). Although the 
remnant magnetization (Mr= 4.35×10
-4 emu/g) is pretty small compared with the saturated 
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5
moment (Ms= 0.038 emu/g), it does show the hysteresis loop and coercive force (Hcm) of 10 Oe, 
which demonstrates the weak ferromagnetism at 10 K.   
 
Figure 1. (a) Temperature dependence of the magnetic moment of CuAgSe pellet under a 
magnetic field of 100 Oe; (b) Magnetic field dependence of the magnetic moment at 10 K and 
300 K as the magnetic field is swept between -1 T and 1T. 
To further confirm the reliability and reproducibility of the above magnetic transition, parallel 
samples were prepared in the same way, and the same magnetic properties were observed using 
different sample holders and measuring systems (as described in the Experimental part of 
Supporting Information). The typical result in Figure S2(c) in the Supporting Information clearly 
shows an obvious magnetic transition at around 60 K in the field cooling (FC) curve, which was 
obtained by using alumina sample holder and measuring with a different PPMS in a magnetic 
field of 1000 Oe. Moreover, with the external magnetic field increased from 100 Oe to 1000 Oe, 
the magnetic moment at around 10 K increased from ~10-3 to ~10-2 emu/g. These results prove 
the intrinsic and reliability of our magnetic measurements, and exclude that the magnetic 
transition between 60-70 K is originated from sample holder. To further demonstrate the intrinsic 
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6
magnetic transition and exclude the magnetic contribution of impurities, the samples were also 
subjected to a full characterization by X-ray diffraction (XRD) and X-ray photoelectron 
spectroscopy (XPS) to ensure their purity. 
 
Figure 2. Microstructure of (a) as-prepared CuAgSe nanoparticles and (b) spark plasma sintered 
CuAgSe pellet. (c) X-ray diffraction patterns of CuAgSe nanoparticles and sintered pellet; 
standard peaks of two orthorhombic phases of CuAgSe (JCPDS 10-0451 and JCPDS 25-1180) 
are also presented. The peaks of the standards between 41 – 46° are labelled with the lattice 
index. (d) Upper part: possible room temperature (RT) orthorhombic supercell of CuAgSe; the 
grey box shows the subcell of JCPDS 25-1180; the white part in the symbol for Cu atoms (red 
Page 6 of 21
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
 
 
7
balls) represents a vacancy, e.g., the Cu position could be randomly occupied by either a Cu 
atom (50 %) or a vacancy (50 %); each subcell has 2 CuAgSe molecules and the supercell 
contains 10 CuAgSe molecules. Lower part: possible low temperature (LT) structure of CuAgSe. 
The occupancy of Cu in each subcell has increased due to the shrinkage of the b and c lattice 
parameters, represented by the decreased white part in the Cu position. 
As illustrated in Figure 2(a-b), the as-prepared irregular CuAgSe nanoparticles have a size 
range of 30-80 nm and irregular morphology. After spark plasma sintering (SPS), they were 
compacted into an almost fully dense pellet (97% relative density) with lots of nanoscale (less 
than 100 nm) particles. According to the room-temperature structure reported by Frueh’s 
group,13 CuAgSe (Eucairite) crystallizes as a pseudo-tetragonal-orthorhombic crystal, having a 
large orthorhombic supercell with lattice parameters of a = 4.105 Å, b = 20.36 Å, and c = 6.31 Å 
(JCPDS 10-0451), based upon a tetragonal subcell (JCPDS 25-1180) with an “a” dimension 
between 4.07 Å and 4.105 Å, and a “c” dimension equal to 6.31 Å, which has the space group 
symmetry of P4/nmm. There are 2 (CuAgSe) per subcell, with the Ag atoms at 1/4, 1/4, 0.449; 
and 3/4, 3/4, 0.551. The Se atoms are located at 1/4, 1/4, 0.873; and 3/4, 3/4, 0.127, and the Cu 
atoms are at 1/4, 3/4, 0.105; and 3/4, 1/4, 0.895. The supercell is a five times stacked sequence of 
these subcells in the “b” direction.5, 8 The X-ray diffraction pattern of the CuAgSe pellet is 
shown in Figure 2(c), and it could be indexed with these two phases (JCPDS 10-0451 and 
JCPDS 25-1180).13  
Our attempt to refine the pattern using the aforementioned atomic positions and structures 
failed due to the extreme complexity of the real supercell structure and inaccurate atom positions. 
But some basic information could be confirmed from the refinement process. For the room 
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8
temperature structure of CuAgSe, the supercell could be ascribed as a single phase with pure 
orthorhombic structure (JCPDS 10-0451), with the b-axis parameter 5 times larger than that for 
the quasi-tetragonal unit cell (JCPDS 25-1180). The detailed cell dimensions are a = 4.0785 Å, b 
= 20.593 Å, and c = 6.2976 Å, according to the LeBail fitting of the XRD pattern.14  
The positions of Ag and Se are well-ordered, which is consistent with previous reports.13 In 
contrast, Cu atoms could be variable and sit at slightly different z positions, leading to the two-
phase-like diffraction patterns [such as (1/4, 3/4, z) positions, constrained by the space group], 
e.g. the Cu positions are randomly occupied during our refinement process using GSAS-II 
software.15 The B-factor (temperature factor or Debye-Waller factor) of Cu was always higher 
than that for Ag and Se after the fitting running. Ideally, B-factors capture the attenuation of X-
ray scattering due to thermal motion and can be quantitatively related to variations in the atomic 
positional distributions. A high B-factor usually means highly flexible positions.16-17 The atomic 
position of Cu is repeated every 5 Cu atoms. The possible structure of CuAgSe at room 
temperature (RT) is schematically shown in the upper part of Figure 2(d).  
The purity of the sample was also identified by the room temperature XPS analysis, which is 
shown in Figure S3 in the Supporting Information. No other peaks apart from the C, Cu, Se, and 
Ag peaks can be detected in the full XPS survey spectrum [Figure S3(a) in Supporting 
Information]. The small C peaks originate from contamination by the carbon tape. The narrow 
and symmetrical Cu 2p peaks appear at 931.9 eV and 952 eV without any shoulder peak, 
implying that all the Cu is in the +1 valence state, e.g. there is no sign of an oxidation state.18 Ag 
and Se are in the +1 and -2 valence states, respectively.18 The absence of peaks from Fe 2p and 
Si 2p, whose characteristic binding energies should be at around 710 eV (for Fe 2p3/2) and 100 
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9
eV (for Si 2p3/2) in the high resolution XPS spectra [Figure S3(b-c)], demonstrates the absence 
of contamination during sample preparation and treatment. All these results confirm the high 
purity of the CuAgSe sample.    
 
Figure 3. (a) Temperature dependence of the full width at half maximum (FWHM) of the 63Cu 
NMR peak measured at frequency of f = 11.285 MHz. The inset shows the field-swept NMR 
spectra measured at 4.3 K and 130 K. (b) Temperature dependence of the magnetization curve of 
CuAgSe measured in a field of 6.2 T (black line) and the FWHM of the 77Se NMR peak 
measured at H = 7.9336 T (red circles). (c) Temperature dependence of the magnetic moment of 
CuAgSe pellet tested under different external magnetic fields. 
To further rule out the effect of occasional impurities on this magnetic transition, temperature 
dependent nuclear magnetic resonance (NMR) of 63Cu and 77Se was performed under different 
magnetic fields, and the results are plotted in Figure 3(a-b). The 63Cu and 77Se nuclear magnetic 
resonance (NMR) measurements were performed in order to investigate the magnetic and 
electronic properties from a microscopic point of view. Figure 3(a) shows the temperature 
dependence of the full width at half maximum (FWHM) of the 63Cu NMR peak measured at f = 
11.285 MHz. The FWHM is almost constant above 150 K; while below 150 K, the FWHM starts 
increasing and reaches a saturation value at around 60 - 70 K, which is approximately the 
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10
temperature of the change in magnetization, as shown in Figure 1(a). The inset of Figure 3(a) 
shows the field-swept NMR spectra measured at 4.3 K and 130 K, and no spin-echo peak 
shifting is observed between these two temperatures. Figure 3(b) shows the temperature 
dependence of the magnetization of CuAgSe measured under a field of 6.2 T and the FWHM of 
the 77Se NMR peak measured at H = 7.9336 T. Since 77Se has spin of I = ½ and no quadrupolar 
interactions, only magnetic interactions can affect the NMR spectra. The FWHMs of the 63Cu 
and 77Se NMR peaks mirror the magnetization of CuAgSe, which evidences the intrinsic 
magnetic transition in CuAgSe. The temperature dependence of magnetic moment of CuAgSe 
pellet was also tested under different magnetic fields and the results are presented in Figure 3(c), 
from which it is easy to see that, with increasing of external magnetic field from 100 Oe to 6.2 T, 
the order of magnitude of the magnetic moment below 60 K and the transition temperature 
increased from 10-3 to 10-2 emu/g and 60 K to 80 K, respectively. Strong diamagnetism appeared 
above this transition temperature, which is shifted to higher temperature with stronger magnetic 
field. The match-up of magnetic field with the magnetic moment and the transition temperature 
indicates that the magnetism is originated from the material itself instead of impurities. 
Moreover, almost constant NMR shift estimated from the NMR peak positions [Figure 3(a) 
inset] indicates that there is no peak shifting between 4.3 K and 130 K. Thus the weak 
ferromagnetism under low temperature in diamagnetic material is naturally ascribed to the canted 
anti-ferromagnetism (or spin-canting),19-21 which is actually a small perturbation caused by 
contrasting isotropic exchange and asymmetric exchange. According to previous reports,22-25 in 
the diamagnetic nanoscale CuAgSe, which has lots of interior defects such as grain boundaries, 
cation vacancies and diamagnetic substitution [as shown by Figure 2(b), (d) and Figure 3(c), 
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11
respectively], non collinear canting (or spin canting) is quite normal due to the perturbance of 
these defects. As for spin canting, different canted states may be separated by very low energy 
barriers; magnetic fluctuations can take place at low temperatures.22, 26 However, the relationship 
between magnetic moment and canted angle (or canted model) is hard to calculate due to the lack 
of detailed structural information.   
 
Figure 4. (a) Temperature dependence of the in-situ neutron diffraction patterns of the CuAgSe 
pellet from 10 K to 300 K. The black arrows in the enlargement on the right mark the merging of 
peaks. (b) Corresponding 2D mapping of the temperature dependent neutron results. (c) Detailed 
lattice constant and unit cell volume changes as the temperature decreases from 300 K to 10 K. 
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12
(d) First order differential of the lattice volume with respect to temperature [d(V)/d(T)]; the red 
line is the fitted curve above 70 K while the blue line is the one below 70 K. 
The temperature dependent neutron diffraction patterns [Figure 4(a-b)] exhibit interesting 
variations in the crystal structure. Similar to the temperature dependent XRD data presented in 
our previous work,5 with the temperature decreases to 60 – 70 K, the strongest diffraction peak, 
which corresponding to the (152) peak of the phase JCPDS 10-0451 or the (112) peak of the 
phase JCPDS 25-1180, shifts towards the right, implying the shrinkage of lattice. Although the 
other peaks are also slightly right-shifted they are not notable compared with the main peak. This 
result suggests an anisotropic deformation with decreasing temperature. In addition, when the 
temperature decreases from 300 K to 70 K, the two peaks at 70.5° and 71.7°, corresponding to 
the peaks for the (003) and (200) planes of the phase in JCPDS 25-1180, gradually merge into a 
new peak at around 71.4°. Based on the almost constant “a” value; obvious decreased “b”, “c” 
and volume of the supercell [Figure 4(c)]; it can be concluded that the supercell shrinks 
anisotropically with decreasing temperature, which is consistent with the neutron data. 
The anisotropic lattice change could also lead to formation of spin-canting.27-29 The 
temperature dependent first order differential of lattice volume plotted in Figure 4(d) should be 
fitted with polynomial.30 If it is fitted with only one curve, the best fitted unified curve 
[d(V)/d(T)=-2.59×10-11T4+1.90×10-8T3-5.23×10-6T2+7.35×10-4T-0.00166, with the coefficient of 
determination R2 above 0.994, as shown in Figure S4] could not pass the two points at 60 and 70 
K. Thereby the data are fitted with two discrete lines with a cubic [for T < 70 K, 
d(V)/d(T)=6.42×10-8T3-9.96×10-6T2+9.18×10-4T-0.00424, with the coefficient of determination 
R
2=1, blue line in Figure 4(d)] and a quadratic polynomial [for T ≥ 70 K, d(V)/d(T)=-4.4×10-
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7T2+2.55×10-4T+0.0139, with the coefficient of determination R2=0.995, red line in Figure 4(d)], 
respectively. However, only with data in Figure 4(d), it is still difficult to judge there is a first 
order phase transition at 60-70 K. Instead, it is safe to declare that a structural crossover happens 
at around 60-70 K because the anisotropic lattice shrinkage.  
The original of weak ferromagnetism below 60 – 70 K in the CuAgSe sample should be 
related with the deviation of Cu valence. All the previous results from magnetic-temperature 
measurements, moment-magnetic field measurements and NMR have confirmed the intrinsic 
weak ferromagnetism-diamagnetism transition at around 60 – 70 K. The diamagnetic property 
above ~70K indicates the absence of other magnetic ions in the material, which is coincided with 
+1 valence state of Cu ([Ar]3d10). With the anisotropic shrinkage of lattice, the electron affinity 
of Cu was changed because of decrease in bond length, leading to the deviation of Cu valence 
from +1 to other state, such as +2 ([Ar]3d9). The deviation of Cu valence, and the improved 
ordered low temperature structure endowed the CuAgSe sample a weak ferromagnetism below 
70 K. Although we have no direct evidence, we could deduce that the magnetic transition is 
related with valence deviation of Cu element. Similar lattice shrinkage induced magnetic 
transition has also been reported in many materials under high pressure, which would promote 
formation of magnetic order.31-34  
The above results demonstrate that the magnetic transition of CuAgSe pellet at low 
temperature is induced by structure crossover, which could be related with the reversible phase 
transition before and after SPS sintering. Therefore, the effect of sintering conditions on the 
magnetic properties of pellets is investigated. Eight samples sintered with different pressure (i.e., 
430 ºC-60 MPa, 430 ºC-40 MPa, 430 ºC-20 MPa, 430 ºC-0 MPa) and temperature (i.e., 430 ºC-
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60 MPa, 290 ºC-60 MPa, 150 ºC-60 MPa, room temperature-60 MPa) are respectively prepared 
using the same batch of CuAgSe nanoparticles. Then their temperature dependent magnetic 
moments were determined by physical property measurement system (PPMS). The results in 
Figure 5 illustrate that except the samples prepared without heating and pressure (RT-60 MPa 
and 430 ºC -0 MPa), a weak ferromagnetism-diamagnetism transition was detected in the other 
samples at 60 K, which indicates that the magnetism transition is highly repeatable and the 
appearance of this transition is related with both temperature and pressure. More interestingly, 
for the samples sintered above orthorhombic-cubic phase transition temperature (190 ºC) under 
the same pressure, they show almost the same magnetic moments [i.e., samples 430 ºC-60 MPa, 
290 ºC-60 MPa in Figure 5(a)]. For the samples sintered below the structural phase transition 
temperature, their magnetic moments below 60 K are drastically reduced, e.g., the moment of 
sample below 60 K, which was sintered at 150 ºC and 60 MPa, is only half of those sintered 
above the phase transition temperature. When the sintering temperature is kept at 430 ºC, but the 
sintering pressure is decreased from 60 MPa to 20 MPa, the moments of sintered samples below 
60 K are decreased from around 3.8×10-3 to 0.6×10-3 emu/g [Figure 5(b)]. These results 
demonstrate the intrinsic magnetic properties of sintered CuAgSe samples, which are strongly 
dependent on sintering temperature and pressure.  
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Figure 5. (a) Temperature dependent magnetic moments of CuAgSe samples sintered with 
different temperature; (b) Temperature dependent magnetic moments of CuAgSe samples 
sintered with different pressure. 
 
Conclusion  
In summary, ternary CuAgSe nanoparticles were prepared via a simple wet chemical method 
in the absence of stabilizers, and then sintered into a highly dense pellet by spark plasma 
sintering in vacuum. The resultant CuAgSe exhibited a very interesting intrinsic reversible 
magnetic transition (e.g., between diamagnetism and weak ferromagnetism) with changing 
temperature. The temperature dependent neutron diffraction patterns demonstrate a structural 
crossover at around 60 – 70 K, which corresponds to the temperature range in which the ordered 
magnetic transition occurs (TM). The appearance of the weak ferromagnetism is ascribed to the 
canted antiferromagnetism and the possible valence state of Cu shifting from non-magnetic +1 
([Ar]3d10) to other magnetic states; both of which are induced by the structural crossover at 
around 60-70 K. The transition is strongly associated with temperature and pressure of spark 
plasma sintering. 
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ASSOCIATED CONTENT 
The sample was synthesized according to the previously reported procedures.5 Expriment 
Methods on the preparation and characterization of samples as well as the XPS results, curve 
fitting information and M-T curves are included in the Supproting Information. 
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